Abstract Multiple geophysical datasets were recorded during the international cooperative pilot experiment, Monterey Bay Ocean Bottom International Seismic Experiment (MOISE). This experiment, conducted from June to September 1997, demonstrated the feasibility of installing, operating, and recovering different geophysical sensors (seismometers, electromagnetometers and environmental sensors).
Introduction
The lateral resolution of tomographic models and finescale investigations of earthquakes or other active processes are limited by the absence of seismic stations on two-thirds of the surface of the Earth, that is, the oceanic areas. To address this problem, different workshops, such as COSOD II (1987) and ION/ODP workshop (Suyehiro et al., 1995) , recommended the installation of permanent oceanic seismographic stations or, even better, geophysical observatories. However, this is a very difficult task due to the hostile environmental conditions prevailing at the bottom of the ocean and the difficulty of maintaining continuous observations, retrieving data, and supplying power for long periods of time.
Several groups in France, Japan, and the United States have started preliminary experiments focused on the goal of installing permanent seafloor seismic stations. In 1992, a digital broadband seismometer was placed inside the hole 794D in the Japan sea . The same year, two sets of three-component broadband seismometers were installed for one week in the vicinity of the MidAtlantic Ridge (on the seafloor and in ODP hole 396b) (Montagner et al., 1994a,b) . In 1997, several different geophysical instruments were deployed for 3 months off of the California coast using the remotely operated vehicle (ROV) Ventana of Monterey Bay Aquarium Research Institute as part of the MOISE experiment . In 1998, the OSN1 borehole near Hawaii was instrumented with broadband seismometers to compare the noise level of ocean-floor and buried seismometers in the framework of the U.S. Ocean Seismic Network program . Collins et al. (1998) demonstrated that, for frequencies less than 0.1 Hz, the buried seismometer is 20-40 dB quieter than the seafloor seismometer and that the difference in noise levels is most pronounced on the horizontal components. In 1998, the first real-time ocean-bottom observatory, Hawaii-2, was installed between Hawaii and Oregon and connected to the University of Hawaii via a retired telephone cable (Butler et al., 1998) .
In this article, we provide a brief overview of the MOISE experiment, and we extend the preliminary results of Romanowicz et al. (1998) by presenting a systematic study of the seismic noise level variations. We demonstrate that the diurnal noise variations of the vertical seismic component can be removed by subtracting the effect of the horizontal components. We also investigate simultaneous recordings of seismic data, pressure, current speed, and electromagnetic signals to determine the coherence between these different parameters. High coherence between seismic and environmental data is important because it may allow us to calculate a transfer function between the parameters that can be used to increase the seismic signal-to-noise ratio (Beauduin et al., 1996) . In future experiments, a simultaneous inversion of seismic and electromagnetic data might help detect zones of partial melting within the crust and the lithosphere.
Description of the Experiment
The MOISE experiment took place from 17 June to 10 September 1997, in Monterey Bay, 40 km off shore of the California coast and 10 km west of the San Gregorio fault. Using a ROV (the ROV Ventana of Monterey Bay Aquarium Research Institute), the instruments were deployed on seafloor sediments at a water depth of 1015 m. In all, a threecomponent broadband seismometer, an electromagnetic package, a pressure gauge, a thermometer, and a current meter were installed. The seismometer was a CMG-3T and was adapted to ocean-bottom deployment by the DT/INSU. It was installed inside a cylindrical aluminum housing, partly buried inside the sediments. Its connection to the EL CHEAPO datalogger and the lithium battery package (both provided by SCRIPPS) has been performed underwater using the ROV. The datalogger and battery were in a glass Benthos sphere and could be connected to the ship via the ROV. The CTD/ pressure gauge (loaned by Curt Collins) and the S4 current meter were settled with their support frame in the vicinity. Finally, the electromagnetic package, deployed nearby, was composed of magnetometers, electrometers, an internal datalogger, and a power supply (designed by UBO). Stakes et al. (1998) provided an overview of the experiment. The technical goal of this experiment was to demonstrate the feasibility of installing, operating, and recovering different geophysical sensors on the seafloor using a ROV.
An example of a local earthquake, a regional earthquake, and a teleseism recorded during the experiment is presented in Figure 1 . The local earthquake (22 August 1997, m b 2.9) is located 50 km from the station. The signalto-noise ratio is high on the three components (about 9 for the P wave) after 1-to 5-Hz bandpass filtering. The regional earthquake (19 July 1997, m b 5.7) occurred near the coast of Guerero in Mexico at an epicentral distance of 29Њ. The seismic phases can be clearly identified on the three components with a signal-to-noise ratio greater than 10 for the P wave. The teleseism (9 July 1997, m b 5.9) is located near the Venezualian Coast at an epicentral distance of D ‫ס‬ 59Њ. The vertical component has a high signal-to-noise ratio (8 for the P wave) but on the horizontal component, only surface waves are clearly visible.
An example of five days of data recorded by the different sensors is presented in Figure 2 . The seismic signal is decimated and low-pass filtered with a corner frequency of 16 mHz. The local theoretical ocean tide (Agnew, 1997 
Coherence between the Different Datasets
To quantify the influence of current, pressure, and magnetic signals on the seismograms, we studied the coherence between these different data. The seismometer was sampled 20 times per sec. Unfortunately, the other instruments were sampled much more slowly: 1 sample per minute for the magnetometers and 1 sample per 5 minutes for the microbarometer and the current meter, making it impossible to analyze these channels in the seismic frequency band. To compare the seismic signal with the other channels, we filter and decimate the seismic signal to the sampling rate of the signal to which it is compared.
The coherence between two signals is computed using the relation:
where S(w) and D(w) are the Fourier transform of the two signals. S*(w) is the complex conjugate of S(w) and E[] is the average ensemble for a frequency w (Bendat and Piersol, 1986) . The average ensembles are computed using the multitaper spectral analysis method (Thomson, 1982 , Park et al., 1987 and see also Simons et al., 2000 for a good description of the method). Data are windowed using functions called discrete prolate spheroidal sequences (dpss) which are solutions of an eigenvalue problem and the corresponding eigenvalues are used for weighting the windows. The ensemble averages are then estimated by averaging these weighted uncorrelated data windows. Figure 3 presents the coherence between vertical seismic velocity and the other measured parameters for frequencies ranging from 1.1 ‫ן‬ 10 ‫5מ‬ Hz (1 day) to the Nyquist frequency of each channel. We used the data sequence from 26 June 1997 to 13 July 1997, that is, 17 days of continuous recording without glitches. The coherence between vertical seismic signal and both pressure and current speed is maximum and close to unity at very long period, for frequencies below 10 ‫4מ‬ Hz. This high correlation is already visible on the time-series data in Figure 2 . It is partly a consequence of the tide influencing all channels as can be seen at the bottom of Figure 3 where we retrieve a peak of coherence at 2.3 ‫ן‬ 10 ‫5מ‬ Hz (12 hr) between the seismic signal and the theoretical ocean tide. We observe no significative coherence between vertical seismic and magnetic signals.
These results show that the coherence between seismic and environmental data is high at very low frequency. The coherence takes into account the phase and amplitude of the two signals. Then, a transfer function (Beauduin et al., 1996) that minimizes this high coherence can be computed and applied to seismic data in order to improve the seismic signal-to-noise ratio at very low frequency. We have checked that the vertical seismic noise level can be decreased by more than 10 dB when it is corrected by using a transfer function with respect to pressure and current speed. Unfortunately, due to the low sampling rate of the environmental sensors, a similar operation could not be performed in the seismic frequency band. To circumvent this problem, Romanowicz et al. (1998) studied the correlation between the amplitude of the seismic signal, expressed in terms of power spectral density, and the current velocity in the seismic band 1-100 sec. Unlike the coherence computed in this study, the correlation does not take into account the phase information and therefore cannot be used to increase the signal-to-noise ratio. However, it enables data comparison in the seismic band even when environmental data have a sampling rate of 1 sample per minute or slower. The data sets are well correlated everywhere except at periods corresponding to the microseismic peak (7-15 sec). This result is encouraging but it should be confirmed by a future experiment in which the environmental sensors have the same sampling rate as the seismic data. 
Seismic Data Analysis
We studied the broadband seismic noise in the period range 0.2-1000 sec, computing the seismic-noise level using evenly distributed earthquake-free sequences. The power spectral density estimate averaged per week is presented in Figure 4 for the vertical and horizontal components. The dashed curves represent the high and low noise models from Peterson (1993) . The noise is similar on both horizontal components and always higher than on the vertical component. Its variations from one week to another can reach 10 dB in the period range 1-10 sec for the three components. At longer period, the variations are smaller on the vertical component (15 dB) than on the horizontal component (30 dB). We observe no systematic variations of the seismic noise as a function of increasing week. For periods shorter than 1 sec, the noise is lower than the high-noise model for terrestrial stations, allowing detection of local earthquakes with amplitudes larger than 10 ‫6מ‬ m/sec 2 at 1 Hz (Fig. 1) . The microseismic peak is well observed on the three components between about 1 and 10 sec. For periods longer than 10 sec, the noise level is higher than the Peterson (1993) high-noise model.
The pattern of diurnal seismic-noise variations is similar on the three components (Fig. 5, left panels) . The noise varies significantly for periods longer than 10 sec, increasing and decreasing four times in 24 hours, following the ocean tide. The noise is maximum when the ocean tide first derivative is minimum (Fig. 2) (Crawford and Webb, 2000) . As a consequence, the signal-to-noise ratio for regional earthquakes and teleseisms, which are studied in the period range 2-100 sec, depends strongly on the hour of recording, whereas local earthquakes with most energy in the 1-to 5-Hz frequency band will have a good signal-to-noise ratio throughout the day (Fig. 1a) .
The vertical seismic component is highly coherent with the north-south seismic component and less coherent with the east-west component, indicating that the vertical component was slightly tilting in the north-south direction (right, Fig. 5 ). Let us call h 0 the initial tilt of the seismometer and e cos(xt) the small oscillating tilt under the effect of the local currents. For period greater than about 100 sec, the dominant effect is the change in gravitational acceleration on the seismometer due to the oscillating tilt, which can be written, respectively, for the vertical (v) and horizontal (h) accelerations, (Duennebier and Sutton, 1995; Crawford and Webb, 2000) :
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When the initial tilt, h 0 is small, we obtain The color bar gives the week index. The dashed curves represent the low and high noise level of Peterson (1993) .
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We computed the transfer functions to minimize the coherence between vertical and horizontal components by subtracting the horizontal coherent signal from the vertical signal. According to equation 3, the amplitude of the transfer function at long period gives the initial tilt of the vertical component, that is 1.4Њ in the north-south direction and 0.45Њ in the east-west direction. The vertical power spectral density after correction displays no diurnal variation, and the noise level is decreased by up to 40 dB between 10 and 50 sec (right Fig. 5) .
The MOISE station was semiburied, and its noise level has been compared with three other ocean-bottom broadband stations: borehole-OSN1, seafloor-OSN1 (Collins, 1998) , and buried-H2O (Butler et al., 1998) . For the vertical component, in the period band 0.1-10 sec, MOISE station and seafloor-OSN1 have a similar noise level, whereas borehole-OSN1 and buried-H2O are 5 to 20 dB quieter. At longer period, MOISE noise level is 10 to 30 dB higher than seafloor-OSN1, whereas buried-H2O and borehole-OSN1 are more than 30 dB less noisy. A similar pattern is observed on the horizontal components. This large noise difference can be easily explained by the strong currents along the Californian coast.
Conclusions
The MOISE experiment demonstrates that permanent broadband seismic package and auxiliary instruments can now be installed at the seafloor. We have shown that the seismic-noise level is comparable to the noise level of noisy terrestrial stations for frequencies higher than about 1 Hz. For periods greater than the microseismic peak, the noise level remains low on the vertical component down to 30 sec and increases at longer period. Seismic noise displays no systematic variations as a function of increasing week but varies throughout the day with a semidiurnal period, by 15 dB on the vertical component and by 30 dB on the horizontal components. These long-period diurnal variations can be removed on the vertical component by subtracting the effect of the horizontal components, decreasing the vertical noise level by up to 40 db.
We have investigated the simultaneous recording of seismic signal, pressure, current speed, and electromagnetic signal at very long period. The coherence between vertical seismic signal and both pressure and current speed is maximum and close to unity at very long period for frequencies between 10 ‫4מ‬ Hz and 2 ‫ן‬ 10 ‫5מ‬ Hz. It is partly a consequence of the ocean tide influencing all channels. We observe no significant coherence between vertical seismic and magnetic signals. The observed high coherence between seismic signal and environmental parameters is important because it means that it is possible to compute a transfer function that can be applied to the seismic signal in order to improve the very low frequency signal-to-noise ratio by more than 10 dB.
In future ocean-bottom observatories, a higher sampling rate for electromagnetic and environmental sensors (pressure, current velocity) will facilitate a similar study in the whole seismic frequency band.
